We have studied the charge transfer dynamics in azobenzene-functionalized alkanethiolate self-assembled monolayers. We compare the core-hole clock technique, i.e., resonant vs. non-resonant contributions in the azobenzene autoionization of the C1s-π * core exciton, with the lifetime of a molecular resonance determined by two-photon photoemission spectroscopy using femtosecond laser pulses. Both techniques yield comparable charge-transfer times of 80±20 fs for a linker consisting of three CH 2 groups and one oxygen unit. Thus the quenching of the excitation is about one order of magnitude faster than the time required for the trans to cis isomerization of the azobenzene photoswitch in solution.
Introduction
Photochromic molecules can serve as reproducible building blocks to optically manipulate and control surface and interface properties on the nanoscale [1, 2] . This opens up interesting fields of application such as the operation of molecular actuators and motors, the development of switchable sensors, or the 5 biasing of charge transport across organic devices [3, 4] . Given the impressive examples in biology and the large variety of photochromic molecules in solution, a major challenge is to ensure that the molecular switch maintains its functionality when adsorbed on a surface. On the one hand excitations in the substrate can lead to a quenching of the photoexcited state [5] . Therefore the The unoccupied molecular orbital (LUMO+n) is populated either indirectly by electrons optically excited in the gold substrate employing ultraviolet (UV) laser pulses or by resonant intramolecular excitation of a 1s core electron using X-rays. The charge-transfer (CT) time is determined by probing the excited state with a second laser pulse in a time-resolved photoemission experiment or by disentangling resonant autoionization from non-resonant Auger contributions in the core-hole decay.
tensity for shorter chain length. Applying the core-hole clock we obtain for the CF 3 -Az3 SAM a charge-transfer time of 73 ± 20 fs.
The 2PPE spectra of H-Az3 show a negative ion resonance at E − E F = 3.6 eV, 40 which we attribute to a LUMO+n of the azobenzene chromophore. The resonance has a lifetime of 80 ± 20 fs in good agreement with the result from the core-hole-clock technique. While the charge-transfer time is compatible with a tunnel barrier of thickness n = 4 [15, 16] , it seems unaffected by the resonance position.
clean gold substrate. Measurements were performed in grazing incidence with an angle of 15
• between X-ray beam and surface plane. The analyzer chamber is rotatable around the beam axis. In this way the polarization of the incoming X-ray beam was set parallel to the surface plane and the angle of electron 70 detection normal to the surface. This measurement geometry optimizes the ratio between the autoionization signal and the photoemission background [20] .
The photon energies and the binding energy scale are referenced to the binding energy of the Au 4f 7/2 core level of 83.95 eV [21] .
The laser system for 2PPE spectroscopy consists of two optical parametric equipped with a two-dimensional view-type detector. Figure 2 : Schematics of the core-hole decay. After resonant excitation of a core-exciton, the charge-transfer time τ CT is deduced by reference to the core-hole lifetime τ Γ comparing the intensities of non-resonant (Auger) and resonant (spectator, participator) decay channels:
Results and Discussion
adsorbate it may either participate in the autoionization or additionally screen the core-hole decay. This results in either an enhancement of photoemission lines (participator decay) or a screening shift of the Auger decay spectrum to higher kinetic energies (spectator shift). Assuming exponential decay, the charge transfer time τ CT can be deduced from the intensities of non-resonant I Auger and 100 resonant I participator + I spectator Auger channels τ CT /τ Γ = (I res + I Auger )/I Auger [25, 26] . Given core-hole lifetimes of 6.6 and 5.4 fs for the carbon and nitrogen 1s-levels [27, 28] , charge-transfer times ranging from sub-fs to about 100 fs can be determined. For the light elements the X-ray emission yield is below 1 % and can be neglected. A major advantage of the core-hole-clock technique is 105 its sub-monolayer sensitivity, which results from the pronounced cross section of resonant core-to-valence transitions. A challenge for larger molecules is the increasing number of Auger decay channels. In combination with vibrational excitations, they lead to complex decay spectra, which are hard to decompose.
Core-ionized vs. core-excitonic state of azobenzene
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In the core-ionized state a core hole in the azobenzene endgroup will be screened by polarization of the SAM and the gold substrate. In the core- Therefore the binding energy increases for longer spacer length. A similar effect has already been observed in the C1s XP spectra of alkanethiolate SAMs [31] 135 and for the N1s XP line of a cyano end group [16] .
In contrast to the varying XP binding energies the π * -resonances stay at constant energy independent of the alkyl chain-length. Screening of the core hole is dominated by the interaction with the electron in the unoccupied molecular orbital forming the core exciton. The resonance at the nitrogen absorption 140 edge at 398.3 eV is assigned to the azobenzene N1s to π * LUMO transition.
Its energy is lower than the N1s XP peak maximum of CF 3 -Az3 at 399.4 eV.
As a consequence the core exciton can solely decay via autoionization but not via transfer of the excited electron into unoccupied states of the substrate. The situation is different at the C1s absorption edge. The first absorption line shows a multiple peak structure, which reflects contributions from the LUMO as well as the LUMO+1 and LUMO+2. A contour plot of the unoccupied orbitals can be found in Fig. 6 of Ref. [13] . The energy of the resonance max-150 imum at 285.25 eV is clearly above the XP peak position at 284.2 eV (n = 3).
Therefore charge transfer between the azobenzene chromophore and the gold substrate can occur after resonant excitation of the C1s level.
Charge-transfer time
To study the charge-transfer time we concentrate in the following on the 155 decay spectra after C1s excitation. Figure 4a shows three photoemission spectra of CF 3 -Az3 recorded for photon energies below, at, and above the C1s resonance maximum. The photoemission spectra have been normalized to the gold valence band intensity and are plotted on a kinetic energy scale.
The spectrum recorded below the π * -resonance at hν = 275.0 eV is domi-160 nated by photoemission from the gold 6sp and 5d valence bands, which extend over a range of ∼ 11 eV below E F [32] . In addition there are minor contributions from the valence orbitals of the SAM and the C1s XP line at 262 eV kinetic energy ionized by the second harmonic of the undulator (2hν = 550.0 eV).
The spectrum recorded at a photon energy of 312.0 eV above the ionization 165 threshold is representative for non-resonant Auger decay. The multitude of azobenzene valence orbitals involved in the KVV decay of the C1s core hole give rise to a weakly structured 30-eV wide Auger peak centered at a kinetic energy of 260.0 eV.
Tuning the photon energy to the resonance maximum at 285.25 eV we res-170 onantly excite the close lying LUMO+2 and LUMO+3, which extend over the outer and inner phenyl ring of the azobenzene chromophore, respectively. These core-excited states predominantly decay via resonant photoemission. The center of mass of the autoionization spectrum is at 262.0 eV kinetic energy and the spectrum exhibits a more pronounced fine structure as compared to the non-175 resonant Auger decay. The higher kinetic energy is attributed to a spectator (Fig. 3b) , which was recorded in Auger yield. This procedure yielded identical intensities of the Au 6sp band close to E F in nonresonant and resonant photoemission. Comparable to the C1s XP spectra of Fig. 3b the resonant photoemission spectra in Fig. 4b shift by 400 meV to higher kinetic energy (lower binding energy) with decreasing alkyl chain length (n = 10 200 vs. n = 3). The identical shift of XP and autoionization spectra suggests that screening of the one-hole and two-holes-one-electron valence states reached after autoionization (cf. Fig. 2 ) is comparable to screening of the 1s core hole. As already discussed, polarization screening of the excited state is dominated by the substrate's contribution and thus rather insensitive to the charge distribution 205 in the chromophore but less effective for larger distance to the metal surface.
To evaluate the charge transfer time spectra in Fig. 4b have been normalized to equal area. The intensity of the HOMO-2,3 participator line for CF 3 -Az3 is by 9 ± 2 % smaller than for the longer alkyl spacers n = 6 and 10 (see inset of Fig. 4b) . Assuming that the distribution between participator and spectator decay in the azobenzene entity is independent of the spacer and that there is no charge transfer to the substrate for a chain length of n = 10, the 9±2 % intensity loss can be attributed to non-resonant decay after charge transfer. Applying the core-hole clock yields a charge transfer-time of τ CT = τ Γ /0.09 = 73 fs (60 − 94 fs including error bars). 
Two-photon photoemission spectroscopy
Alternatively to the core-hole clock, the charge-transfer time can be studied directly in the time domain employing two-photon photoemission (2PPE) spectroscopy with ultrashort laser pulses [33, 34] . In 2PPE a pump pulse is used to excite the system, while a subsequent probe pulse traces the excited if applicable, the benefit of time-resolved 2PPE over the core-hole clock is that the former directly probes the optical-excited photoswitch in the absence of a core hole. Figure 5a shows a false color plot of a time-and energy-resolved 2PPE spectrum for a H-Az3 SAM. The photoemission signal has been integrated over an angular range of ±2
• around the surface normal. Spectra recorded with either only the pump or the probe pulse have been subtracted. The 2PPE spectrum is quite typical for molecular adsorbates on metal surfaces [5, 37] .
Broad spectral features are overlayed with a significant background. When pump and probe pulses overlap, we find intensity for final state energies between state energy, which they likewise attribute to a hybridized molecular resonance [41] .
The lifetime of the molecular resonance was evaluated by integrating the intensity in an interval of ±0.1 eV around the peak maximum at 3.6 eV. This yields the time-resolved trace depicted in Fig. 5b in a semi-logarithmic plot.
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The solid line is an exponential fit to the data which was convolved with a Gaussian to account for the cross-correlation of pump and probe pulses. From the exponential fit we obtain a lifetime of 80 ± 15 fs, which we attribute to the charge-transfer time between azobenzene photoswitch and gold substrate.
Comparison of charge-transfer times
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Applying the core-hole clock, the groups of Menzel, Feulner, and Zharnikov teamed up to study the charge transfer across alkyl chains varying their length from two to four CH 2 -groups [15, 16] . They used SAMs with a cyano endgroup directly coupled to the alkanethiolate and measured the charge-transfer time out of the cyano LUMO after resonant excitation of the N1s to π * transition. In the [16] can be understood in a tunnel-barrier or a super-exchange model, which describe the charge transfer and the related conductivity across the alkyl interface [42, 43] .
The charge-transfer time of 100 ± 26 fs for the n = 4 alkyl spacer is only slightly larger than τ CT = 73 +21 −13 fs derived for CF 3 -Az3. This suggests that
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we can count the oxygen bridge (cf. Fig. 1 ) as an additional spacer unit. It seems that the charge-transfer time depends primarily on the tunnel-barrier thickness and is less affected by the variation of the electronic structure along the chain. This is in line with the observation that the conductivity of SAMs with aromatic spacer units can be described by a β-value of 0.5Å −1 [44] . Measuring 310 the conductance of alkanethiols with longer chain lengths ranging from n = 10 to 14 through a mercury-drop junction yielded a β parameter of 0.64Å −1 [43] .
This seems close to the value for the short chains, but is likely affected by a variety of defects that occur within Hg-drop junctions.
Applying 2PPE, Shibuta et al. studied the charge-transfer time across pure 315 alkanethiolate SAMs varying the chain-length between n = 12 and 18 [40] .
Electrons were photoexcited into an image-potential state located in front of the SAM surface at 3.7 eV above E F . The charge-transfer time shows a well-defined exponential increase from about 30 to 80 ps at 90 K [40] . The corresponding β-parameter of 0.097Å −1 is one order of magnitude smaller than in the above 320 described experiments. This indicates that β depends strongly on the resonance position with respect to the barrier heights, which is at E − E F ∼ 4.0 eV [45] .
In a very recent study the authors used a decanethiolate SAM on Au (111) as template to adsorb and isolate ferrocene molecules [41] . They observed a molecular hybrid state with a lifetime of 140 fs, which is much shorter than the 325 image-potential-state lifetime of 11 ps for the pure decanethiolate SAM. This is in contrast to the larger participator contribution for longer chain length (CF 3 -Az6 and CF 3 -Az10), which indicates a significant increase in charge-transfer time, beyond the sensitivity of the core-hole clock. Charge transfer out of the strongly localized state probed by resonant core-level excitation generally proceeds faster, as has been observed also for C 6 F 6 layers on Cu(111) [46] and has been attributed to a stronger coupling due to broad distribution of parallel momenta in the localized state. In contrast in 2PPE we probe a negative ion resonance which is delocalized in the LUMO+n band 340 of the densely packed SAM. In the case of the CF 3 -Az3 SAM this effect seems to be balanced by the lower tunneling barrier for the higher lying resonance probed in 2PPE, since we extract equal charge-transfer times from both techniques. We note that the different endgroups of the aobenzene chromophores (H vs. CF 3 ) should have little effect on the charge transfer time since the 345 probability density of the LUMO+n at the endgroup is negligible (cf. Fig. 6 in Ref. [13] ). Fully elucidating the dependence of the charge-transfer time on short and long chain lengths and on the energy level alignment will require further 2PPE experiments.
The characteristic charge-transfer time is significantly longer than the core-350 hole lifetime. Therefore charge neutralization occurs long after the photoemission event and the binding energy is lowered by polarization screening of the photo hole. This is corroborated by the shift of the valence states and core levels in the photoemission spectra to higher kinetic energy with decreasing alkyl chain length. 
Conclusion
Azobenzene-functionalized alkanethiolate SAMs provide a model system to study the dynamics of the deexcitation of photoswitches at a metal surface.
Charge transfer between the azobenzene endgroup and the gold substrate across the alkanthiolate linker of three CH 2 groups and one oxygen bridge occurs on an SAM at an excitation energy of 3.6 eV corresponding to the π − π * transition.
However, increasing the linker length to n = 11 CH 2 units and diluting the molecules with lateral dodecanethiolate spacers switching becomes almost as effective as in solution [6, 8] .
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